We introduce an extended tableau calculus for answer set programming (ASP). The proof system is based on the ASP tableaux defined in [Geb-ser&Schaub, ICLP 2006], with an added extension rule. We investigate the power of Extended ASP Tableaux both theoretically and empirically. We study the relationship of Extended ASP Tableaux with the Extended Resolution proof system defined by Tseitin for clause sets, and separate Extended ASP Tableaux from ASP Tableaux by giving a polynomial length proof of a family of normal logic programs {Πn} for which ASP Tableaux has exponential length minimal proofs with respect to n. Additionally, Extended ASP Tableaux imply interesting insight into the effect of program simplification on the length of proofs in ASP. Closely related to Extended ASP Tableaux, we empirically investigate the effect of redundant rules on the efficiency of ASP solving.
Introduction
Answer set programming (ASP) is a declarative problem solving paradigm which has proven successful for a variety of knowledge representation and reasoning tasks. The success has been brought forth by efficient solver implementations bringing the theoretical underpinnings into practice. However, there has been an evident lack of theoretical studies into the reasons for the efficiency of current ASP solvers (e.g. [1, 2, 3, 4] ). Solver implementations and their inference techniques can be seen as determinisations of the underlying rule-based proof systems. Due to this strong interplay between theory and practice, the study of the relative efficiency of these proof systems reveals important new viewpoints and explanations for the successes and failures of particular solver techniques. While such proof complexity [5] studies are frequent in the closely related field of propositional satisfiability (SAT), where typical solvers have been shown to be based on refinements of the well-known Resolution proof system [6], this has not been the case for ASP. Especially, the inference techniques applied in current state-of-the-art ASP solvers have been characterised by a family of tableau-style ASP proof systems for normal logic programs only very recently [7], with some related preliminary proof complexity theoretic investigations [8] . The close relation of ASP and SAT and the respective theoretical underpinning of practical solver techniques has also received little attention up until recently [9,10], although the fields could gain much by further studies on these connections. This paper continues in part bridging the gap between ASP and SAT. Influenced by Tseitin's Extended Resolution proof system [11] for clausal formulas, we introduce Extended ASP Tableaux, an extended tableau calculus based on the proof system in [7] . The motivations for Extended ASP Tableaux are many-fold. Theoretically, Extended Resolution has proven to be among the most powerful known proof systems, equivalent to, e.g., extended Frege systems; no exponential lower bounds for the lengths of proofs are known for Extended Resolution. We study the power of Extended ASP Tableaux, showing a tight correspondence with Extended Resolution.
The contributions of this paper are not only of theoretical nature. Extended ASP Tableaux is in fact based on adding structure into programs by introducing additional redundant rules. On the practical level, structure of problem instances has an important role in both ASP and SAT solving. Typically, it is widely believed that redundancy can and should be removed for practical efficiency. However, the power of Extended ASP Tableaux reveals that this is not generally the case, and such redundancy removing simplification mechanism can drastically hinder efficiency. In addition, we contribute by studying the effect of redundancy on the efficiency of a variety of ASP solvers. The results show that the role of redundancy in programs is not as simple as typically believed, and controlled addition of redundancy may in fact prove to be relevant in further strengthening the robustness of current solver techniques.
The paper is organised as follows. After preliminaries on ASP and SAT (Sect. 2), the relationship of Resolution and ASP Tableaux proof systems and concepts related to the complexity of proofs are discussed (Sect. 3). By introducing the Extended ASP Tableaux proof system (Sect. 4), proof complexity and simplification are then studied w.r.t. Extended ASP Tableaux (Sect. 5). Experimental results related to Extended ASP Tableaux and redundant rules in normal logic programs are presented in Sect. 6.
Preliminaries
As preliminaries we review basic concepts related to answer set programming (ASP) in the context of normal logic programs, propositional satisfiability (SAT), and translations between ASP and SAT.
Normal Logic Programs and Stable Models
We consider normal logic programs (NLPs) in the propositional case. The symbol "∼" denotes default negation. A default literal is an atom, a, or its default negation, ∼a. We define shorthands L + = {a | a ∈ L} and L − = {a | ∼a ∈ L} for a set of default literals L, and ∼A = {∼a | a ∈ A} for a set of atoms A. A program Π over the set of propositional atoms atoms(Π) consists of a finite set of rules r of the form h ← a 1 , . . . , a n , ∼b 1 , . . . , ∼b m ,
where h ∈ atoms(Π) ∪ {⊥} and a i , b j ∈ atoms(Π). A rule consists of a head, head(r) = h, and a body, body(r) = {a 1 , . . . , a n , ∼b 1 , . . . , ∼b m }. This allows the shorthand head(r) ← body(r) + ∪ ∼body(r) − for (1). A rule r is a fact if |body(r)| = 0. We define head(Π) = r∈Π {head(r)} and body(Π) = r∈Π {body(r)}. The set of default literals of a program Π is dlits(Π) = {a, ∼a | a ∈ atoms(Π)}.
